The joining of AZ31B Mg alloy to Q235 steel was realized by metal inert-gas arc welding. Microstructure characteristics and tensile behaviors of Mg-steel joints with and without Cu addition were investigated and compared. Results show that the microstructure and tensile strength were improved with the addition of Cu interlayer. The IMC Mg 2 Cu with rod-like structure was generated in both the whole weld zone and Mg/steel interfacial zone. The maximum tensile strength of Cu-added joint can reach to 185 MPa, which partly fractured at the weld seam of Mg alloy instead of the Mg/Fe interface. The increase of the joint strength and microhardness profile with addition of Cu can be explained in terms of improvement of wettability of Mg alloy to steel and the formation of fine IMC Mg 2 Cu.
Introduction
Mg alloys, due to the unique properties of lower density, high specific strength along with good damping capacity, have been considered as promising structure materials to lower weight and energy consumption in automobile industry. 14) Steel is one of the dominant materials for structural components in the current auto body which is irreplaceable currently.
58) The reliable hybrid structures of Mg alloys to steel will expand utilization of Mg alloys in vehicle fabrication. 9, 10) Therefore, the demand for Mg alloys to be joined with steel has been increasing recently.
Some difficulties are encountered in dissimilar welding of Mg alloy and steel. The difficulties mainly result from the great difference between their melting points (649°C for Mg and 1535°C for Fe) and the nearly zero solubility of Mg and Fe. 11) In addition, Mg and Fe do not react with each other to form binary compounds at ambient pressure. 12) There have been some researches on joining Mg alloy to steel in recent years. Chen and Nakata 11) found that the joining mechanism of friction stir welded joint between AZ31 Mg alloy and steel was mechanical bonding. Wielage et al. 13) reported that no element diffusion processes occurred at AZ31 Mg alloy/steel interface by soldering technique. By method of laser penetration brazing welding, Miao et al. 14, 15) investigated the effect of laser offsets on joint performance of Mg alloy and steel, indicating that the joining of Mg alloy and steel was formed by diffusing. Liu's team 16, 17) had concluded that the lap joint of Mg alloy to steel sheets was joined through complex compounds of Mg, iron, and oxygen by hybrid laser-TIG welding. Because their application is limited by the geometry and size of specimens and the mechanical properties of welded joints achieved by these processes are also not satisfied, new joining methods of Mg alloys and steel are urgently needed.
Metal inert-gas arc welding (MIG welding) is widely applied in automobile and railway vehicle industries for its high efficiency, low cost and good applicability for the geometry and size of specimen. 1820) Therefore, it is of great significance to realize the MIG welding of Mg alloy to steel for mass serial production. However, up to now the reports regarding the MIG welding of Mg alloy and steel are very limited. Since no interaction occurred between Mg and Fe elements according to binary diagrams, it may be a feasible solution to realize joining of Mg alloy and steel by adding intermediate elements or interlayer into joint. Moreover, the application of interlayers in diffusion bonding and brazing is quite extensive and the joint properties usually been substantially increased. 21, 22) Therefore, considering that the Cu could interact with both Mg and Fe elements, Cu interlayer was selected out as the suitable interlayer to add into Mg-steel joint. The present work investigates microstructure characteristics and tensile properties of MIG welded Mg-steel joints with and without Cu interlayer. Its purpose was to obtain better understanding of weldability between Mg alloy and steel, and to provide some basic foundation for improving mechanical properties of Mg-steel joints.
Experimental
In this investigation, AZ31B Mg alloy with compositions of Mg-3.4Al-0.7Zn-0.2Mn-0.043Si (mass%) and Q235 low carbon steel with compositions of Fe-0.17C-0.2Si-0.45Mn-0.02S-0.01P (mass%) were employed as base metals, and the dimensions of both base metals were 200 mm © 50 mm © 3 mm. Mechanical properties of them are listed in Table 1 . Mg alloy welding wires (Mg-6.6Al-0.7Zn-0.25Mn-0.015Si (mass%)) with diameter of 1.6 mm were chosen as filler metals. Cu sheet of 99.9% purity and of 0.1 mm thickness was chosen as the interlayer. Before welding those sheets were degreased and ground by acetone and abrasive papers, respectively. Prior to welding, the single groove was machined in the Mg alloy and low carbon steel plates, the bevel angles of Mg and steel plates were 30°and 45°, respectively, then both plates were assembled into a single V-groove with a root opening of 1 mm. The Cu interlayer was placed in the steel groove, and fixed firmly by TIG arc source to avoid insufficient contact. The welding of Mg alloy and steel was conducted using the metal inert-gas arc welding (MIG welding) with argon shielding gas. During MIG welding, the Mg alloy filler wire was directed toward the middle of the steel groove face by welding torch, and was deposited in the V-groove at different welding speeds, as shown in Fig. 1 . The torch has a drag angle along the welding direction for improving the liquid Mg spreading on solid steel surface and the Mg weld appearance.
In order to evaluate the effect of welding speed which has great influence on the heat input, parts of the parameters used in the experiment were kept constant during the welding processes. The current and voltage in MIG welding were set at 130³135 A and 20³22 V, respectively. Argon gas of 99.99% purity was employed as shielding gas at a flow rate of 10 L/min. The welding speeds were adjusted between 550 and 700 mm/min at an increment of 50 mm/min.
At completion of welding, the Mg-steel joint specimens for mechanical examinations were machined in the form of a gauge section 15 mm long and 4 mm wide and the weld reinforcements were removed, as illustrated in Fig. 2 . The tensile tests were conducted using the MT810 universal material testing system with the rate of 0.5 mm/min at room temperature. Tensile strength is the average value of three samples. Cross-sections of the welds were progressively polished and then etched by picric acid for Mg alloy and Nital's for steel. The microstructures and compositions of Mg-steel joints were examined by using optical microscope (OM, PMG3), scanning electron microscope (SEM, EVO18) equipped with energy dispersive X-ray spectroscopy (EDS, Link-ISIS), transmission electron microscopy (TEM, JEM-2100F) and X-ray diffraction (XRD, D/Max 2500PC). The Vickers microhardness of the joints was measured with a load of 50 g and a duration time of 10 s. Figure 3 illustrates typical microstructures of MIG welded Mg-steel direct joint (without Cu interlayer). A satisfactory weld appearance with sufficient reinforcement was obtained under welding speed of 600 mm/mi. The joint consists of weld zone (WZ), heat-affected zone in Mg alloy side (HAZ 1 ) and heat-affected zone in steel side (HAZ 2 ), as shown in Fig. 3(a) . The WZ has an equiaxed grain structure and the white dot phases are observed ( Fig. 3(b) ). Based on the EDS analysis on point A in Fig. 3(b) , the white dots which mainly distributed dispersively at ¡-Mg grain boundaries in the WZ contain (mass%) 59.4% Mg, 37.1% Al and 3.5% O, suggesting that they are the second phase ¢-Mg 17 Al 12 . The phase is further confirmed by TEM and XRD analysis results shown in Fig. 3 (e) and Fig. 4(a) , respectively. Due to the fast cooling process, supersaturated solid solutions of Al in Mg formed. Extra Al elements precipitated then became available for constructing ¢-Mg 17 Al 12 in the solidifying process. From  Fig. 3(c) it can be seen that the Mg-steel joint has a typical fusion welding characteristic in the Mg alloy side, and the grain coarsens obviously in HAZ 1 due to the welding heat effect. The phase composition of HAZ 1 is mainly ¡-Mg solid solution, which is mainly associated with the decreased Al content (6.20% for the weld and 3.40% for the Mg alloy base metal). There exists a transition layer between Mg alloy weld and steel base metal ( Fig. 3(d) ), and some incomplete joining defects are observed, as shown in Fig. 3(f ) . During MIG welding, the Mg alloy was molten, whereas the steel still remained solid. The joining of Mg and steel was achieved by means of the wetting and spreading of liquid Mg on solid steel surface and Mg/steel interface reaction to form the transition layer. Therefore, it has the characteristics of brazed joint in steel side.
Results and Discussion

Effects of Cu addition on microstructure characteristics
Typical microstructures of MIG welded Mg-steel joint with Cu-addition (Cu interlayer) is illustrated in Fig. 5 . Three distinct zones, WZ, HAZ 1 and HAZ 2 are also observed ( Fig. 5(a) ). Compared with direct joint in Fig. 3 , the microstructures of Cu-added joint were improved. The grains in WZ become even finer as the IMC generated along the grain boundary shown in Fig. 5(b) . Besides, the microstructures near to both the fusion line in HAZ 1 (Fig. 5(c) ) and the interfacial zone in HAZ 2 ( Fig. 5(d) ) are similar to those in the middle of the WZ, which indicates the uniform microstructures were formed in the whole weld. Based on the EDS results at point B in Fig. 5(d) , the composition of the IMC is (mass%) 59.3% Mg and 40.7% Cu, inferring that the phase is Mg-Cu phase. There are two IMCs between Mg and Cu, Mg 2 Cu and MgCu 2 . However, the XRD result in Fig. 4(b) demonstrates that Mg 2 Cu was the dominant phase in the present experiment. Firstly, the energy provided by MIG process is sufficient enough to melt Cu and Mg; secondly, the Fig. 1 The graphic scheme of the MIG welding process. Fig. 2 Geometry of the tensile specimen.
Effects of Cu Addition on Microstructure Characteristics and Tensile Behaviors of Metal Inert-Gas Arcmolten Mg alloy accounts for approximately 85 mass%, while the molten Cu is about 9 mass% of the joint in present experiment, which is in favor of the formation of Mg 2 Cu. 17) In addition, Hong et al. 23) reported that the Mg 2 Cu phase is the only product without IMC MgCu 2 during the rapid cooling process. Therefore, in the present welding process, Mg 2 Cu was preferentially formed follows the in the exothermic reaction Mg + Cu ¼ Mg 2 Cu + Q, where Q is the released heat that may contribute to the reduction of temperature difference, prompting the formation of rod-like structure in the weld. In fact, the rod-like structure which may result from the difference of convection intensity in the weld pool 24) distributed mainly in grain boundary of Mg alloy, which can also be ascertained in Fig. 6(b) . The dashed lines display the location where the Mg intensity is lower and that of Cu is higher, and vice versa. The fine rod-like structure which aligns tightly along the grain boundaries is a typical eutectic structure. TEM results indicate that eutectic structure is composed of ¡-Mg and Mg 2 Cu (Fig. 5(e) ).
Since the diffusion and the reaction at Mg/steel interfacial zone are the keys for brazing Mg alloy to the steel, special attention should be paid to ascertain constitutes of the transition layer. EDS analysis on direct joint indicated that the chemical composition of transition layer mainly includes Mg, Al and Fe elements. In the direction from the Mg alloy weld towards steel base metal, the concentration of Mg element decreases, that of Fe element increases, and the concentration of Al element has an increasing tendency in the transition layer, as shown in Fig. 6(a) . During MIG welding the interdiffusion of Mg, Al and Fe elements occurred, and the joining of Mg alloy and steel was realized by Mg/steel interface reaction. Since Mg and Fe do not react with each other to form binary compounds, the Al plays an important role in the interface reaction. Increasing diffusion efficiency of Al element at Mg/steel interface promotes interface reaction between Al and Fe. EDS analysis on Cu-added joint is shown in Fig. 6(b) . Except for Mg, Al and Fe, Cu element was also detected in transition layers. It can be informed from the Fe-Cu binary diagram that solid solution instead of IMC can be generated between the two elements. Thus a large amount of Cu elements which did not dissolved into steel got plenty of chances to interact with Mg element, forming a large numbers of IMC Mg 2 Cu. Particularly, the IMC Mg 2 Cu with finer rod-like structure also distributes uniformly along transition layer in the interfacial zone (Fig. 5(d) ), which will strengthen the Cu-added joint. Because of the consumption of Mg by forming Mg 2 Cu, more Al element gathered together in the transition layer (Fig. 6(b) ) and interacted with Fe adequately. As a result, Fe-Al intermetallic compounds formed easily in current experimental conditions and facilitated the satisfactory joining of the interface.
Effects of Cu addition on tensile behaviors
The tensile behaviors under different welding speeds with and without Cu interlayer are evaluated. Figure 7 shows that the welding speed has a significant effect on the tensile strength of Mg-steel joints. With the welding speed increasing from 550 to 700 mm/min, the average tensile strength of the joints increases firstly and then decreases. The maximum joint strength is achieved at the welding speed of 600 mm/min. It should be pointed out that the maximum joint strength of Cu-added joint (185 MPa) is higher than that of direct joint (160 MPa). The direct joint fracture occurred at the Mg/steel interface layer (Fig. 8(a) ), while the fracture path of Cu-added joint was partly in the Mg alloy weld (Fig. 8(b) ), indicating that an effective joining was obtained at Mg/steel interface.
In order to further clarify reasons for joint strength changes, the fracture surface morphologies of Mg-steel joints were investigated. Figure 8(c) shows typical fracture surface morphology in steel side of direct joint. The fracture surface can be divided into two regions, region A and region B. In region A, a large amount of retained Mg alloys are observed on the steel surface and some features of plastic deformation can also be seen, indicating that the sound joining is realized in this region, as shown in Fig. 3(d) . Hence it is called the joined region in this investigation. The fracture surface in region B is relatively smooth with less retained Mg alloy, which means that Mg alloy and steel is joined partially in this region, as shown in Fig. 3(f ) . Besides, the incomplete joining defects in interfacial zone (Fig. 3(f ) ) are prone to produce stress concentration leading to fracture that is same as the fractural pattern shown in Fig. 8(a) . Thus the different areas of joined region may be related to the change of joint strength. The lower the welding speed, the higher the heat input, and the larger the joined region will be formed by adequately diffusion and reaction, which is similar to the change of joint strength. However, with the welding speed further decreasing, much more Mg would be gasified due to very high heat input. Consequently, the weld pool could not be filled up in time, and holes would form in the weld after welding, which resulting in lowering the joint strength significantly. Therefore, it is favorable to choose the reasonable welding speed for improving the joining quality and joint strength. Figure 8(d) shows the morphology of fracture surface of the Cu-added joint. As can be seen, the joined region in the joint became much larger than the direct joint, indicating the joining of Mg alloy to the steel is more reliable. Figure 8 (e) and Fig. 8(f ) displays the detailed micro-morphologies corresponding to the location in Fig. 8(c) and Fig. 8(d) , respectively. The smooth fracture surface with river-shape pattern indicates that the direct joint is brittle. While the surface with some dimple features and a large number of torn arris suggests that the addition of Cu contributes to the formation of reinforced phase and improves the joint microstructure. From stress-strain curves shown in Fig. 9 it can be seen that both the stress and strain of Cu-added joint is higher than those of direct joint. There was no obvious plastic deformation process during the tensile test of direct joint ( Fig. 9(a) ), and the plastic deformation process was easily observed with Cu addition (Fig. 9(b) ). The profile of microhardness was performed along the center line of joint cross-sections. It can be seen from Fig. 10 that the distribution of microhardness of Cu-added joint is different from that of direct joint, indicating that the Cu interlayer affect the microstructures of Mg/steel joint. Moreover, the higher microhardness profile of Cu-added joint in the weld zone means that the influence on the joint strength is positive.
It is well known that mechanical properties of joints are closely related to the morphology of microstructures and distribution of second phases. Therefore, the effect of microstructures on tensile behavior was discussed in this investigation.
Factors affecting the interface strength with Cu addition
The Mg-steel joint fracture all (or partly) occurred at the Mg/steel interface layer, which means that the interface strength is one of important factors affecting the joint strength. The Cu-added joint has higher strength (185 MPa) compared with the direct joint (160 MPa), which is mainly associated with the increased interface strength. The increase of the interface strength can be explained in terms of improvement on wettability of Mg alloy to steel and the formation of fine Mg 2 Cu IMC in the interfacial zone.
Based on EDS results in Fig. 6(b) , the inter-diffusion of Mg, Al, Cu and Fe elements occurred in the interfacial zone during MIG welding. The Mg alloy brazed to the steel intimately by the formation of the transition layer which composed of solid solutions and IMCs. Such type of joining is correlated to the wettability of molten Mg alloy on steel. The improvement of wettability facilitates the sufficient spread of molten Mg alloy on steel, which will promote the interfacial reaction and formation of transition layer. A sessile drop method was conducted by liu, etc. to investigate the wettability of molten Mg alloy (AZ31B) on steel. 17) They found that wetting angle with 15%Cu was evidently smaller, indicating that the addition of Cu improved the wettability of molten Mg alloy on steel. It can be seen from the results of Mg/steel interface microstructure (Fig. 3(f ) ) and fracture morphology (Fig. 8(c) ) that the incomplete joining defects were formed at Mg/steel interface because of poor wettability of molten Mg alloy on steel. Those defects are prone to produce stress concentration and reduce the effective loading area, which will deteriorate the interface strength. The addition of Cu improved the wettability and spreading of molten Mg alloy on steel, and strengthened the interface by avoiding the incomplete joining defects ( Fig. 8(d) ).
Since the transition layer was mainly composed of solid solutions and IMCs, the formation fine Mg 2 Cu may also strengthen the interface. In this investigation, molten Cu diffused and reacted with Mg adequately in the WZ due to high heat input, and then fine Mg 2 Cu IMC precipitated with large cooling rate. The Mg 2 Cu IMC morphology with thin rod-like structure aligned continuously may block movements of inter-granular when undergoing tensile test. Thereby the fine IMC Mg 2 Cu plays an important role in improving the interface strength.
Conclusions
AZ31B Mg alloy was successfully joined to Q235 mild steel by MIG welding technique. Effects of Cu addition on microstructure characteristics and tensile behaviors were investigated and the conclusions are as follows:
(1) With the addition of Cu interlayer, the Mg 2 Cu phase which was generated and precipitated in grain boundaries with fine rod-like structure not only refines grains but also strengthens the grain boundaries. In the meantime, Cu element improves the wettability and facilitates the nucleation of Mg alloy on steel, which favors the sound brazing to steel effectively. (2) The joint tensile strength is closely related to the welding speed and Cu addition. With the welding speed of 600 mm/min, the tensile strength of the joints attains the maximum value of 160 MPa for direct joint and 185 MPa for Cu-added joint. Particularly, the fracture of the Cu-added joints partly happened in the weld seam of Mg alloy instead of the Mg/Fe interface. (3) Factors affecting the joint strength with addition of Cu interlayer can be explained in terms of improvement of wettability of Mg alloy to steel and the formation of fine IMC Mg 2 Cu. Consequently, it can be concluded that the addition of Cu interlayer not only joins Mg alloy and steel together, but also contributes to the improvement of strength effectively.
